INTRODUCTION
The effect of the El Niño Southern Oscillation (ENSO) on regional ecosystems, both in warm (El Niño) and cold (La Niña) phases, depends on how it influences physical processes that determine ecosystem productivity. In the Eastern tropical Pacific Ocean, for example, warm ENSO events cause an overall reduction in upwelling (Trillmich & Limberger 1985 , Enfield 1987 ). In the Antarctic, ENSO may be associated with a variation in the extension of the seasonal pack-ice zone (Stammerjohn & Smith 1996) . The recruitment success of krill (Euphausia superba), a major component of the Antarctic ecosystem has been linked to oscillations in sea-ice extent. That is, krill abundance may decline after winters with reduced ice coverage. This reduction may have important consequences throughout the Southern Ocean ecosystem (Loeb et al. 1997 , Brierley et al. 2002 .
Cephalopods are another key component affected by the variation in sea-ice extent. While it is clear that these animals play a key role in the Southern Ocean marine ecosystem (Ainley & DeMaster 1990) , their distribution in the Antarctic is poorly known due to, among other reasons, their fast swimming speed that makes them difficult to sample with conventional research trawls (Wormuth & Roper 1983) . Southern elephant seals (Mirounga leonina) provide an interesting alternative as these Antarctic top predators seem to feed largely on cephalopods to maintain their high energy demands (Piatkowski et al. 2002) .
Variation in sex ratio has been shown to occur in mammals, both in natural and controlled environments, as a consequence of nutritional stress and changes in resource availability, among other reasons (Clutton-Brock & Iason 1986 , Clutton-Brock 1991 . In species for which maternal investment differs between offspring sexes, it has been argued that if maternal condition favours the breeding success of male pups over female ones, mothers in superior conditions should produce more males, while mothers in poorer conditions should produce more females (Trivers & Williard 1973) . Despite the intuitive appeal of this argument, it seldom has been tested. If demonstrated for specific cases, then sex proportion could offer a useful index to study the impact of drastic changes in food resources in the ecosystem due to environmental anomalies like El Niño.
Southern elephant seals (Mirounga leonina) provide an opportunity to test the aforementioned hypothesis for several reasons: (1) they are the most polygynous among seals (Laws 1953 (Laws , 1956 ; (2) males may be 1 order of magnitude larger than the females with which they mate (McCann 1980); (3) during lactation, mothers fast, thus energy transferred to their pup is obtained only from stored reserves (Matthews 1929) ; and (4) the fasting capacity of nursing females and the mass gained by their pups represent a sensitive mechanism that not only reflects their ability to choose feeding grounds, but also the physical influences and biological factors that regulate resource ability in these areas (Vergani et al. 2001) . Changes in food availability during El Niño and La Niña events seem to influence elephant seal populations on King George Island through an overall reduction in the biomass ingested by mothers (Piatkowsky et al. 2002) , and consequently, the weaning mass of pups (Vergani et al. 2001) .
It has been suggested that southern elephant seal females need to weigh more than 300 kg if they are to breed at all, and more than 380 kg if they are to give birth to a male pup (Arnbom et al. 1994) . The proportion of mothers that can bear male pups therefore depends on food availability in the ecosystem. In times of poor food availability such as during El Niño years, more females might be below the weight required to bear male pups; thus, the sex ratio would be biased in favour of females as mothers with a male foetus would either lose their pregnancy or would have smaller male pups with a lower chance of survival.
At King George Island, female elephant seals haul out to breed in September (mean date: 16 September; range 8 to 26 September) and reach the peak of the breeding season between 21 and 31 October (Vergani & Stanganelli 1990) . After moulting in March, embryos are released from diapause and implantation occurs (Gibbney 1953) . Females continue feeding until August/ September in the Bellinghausen Sea, west of Alexander Island (Bornemann et al. 2000) . It is during this 6 mo period that pregnant females are sensitive to changes in ENSO-related food availability (Vergani et al. 2001) .
We analyse the response of southern elephant seal sex ratio to environmental stress. Data were collected from 1980 to 1994 at King George Island. Environmental stress in this period was evidenced by significant retreats in the ice cover during El Niño events along the Bellingshausen Sea (Kwok & Comiso, 2002) , the region where female elephant seals from King George Island feed during their pregnancy (Bornemann et al. 2000) . Comparisons with declining seal populations of the Pacific and Indian oceans were made.
MATERIALS AND METHODS
To define the occurrence of ENSO events, a sea surface temperature (SST) index called 'Niño 3.4' for the region 5°N to 5°S, 120°E to 170°W was used. Monthly SST anomalies were obtained from the Climate Prediction Center (CPC, NOAA). Anomalies are departures from the 1971 to 2000 adjusted oscillation index climatology (AOIC) (Smith & Reynolds 1998) . To analyse SSTs on an annual basis, an index of anomaly strength (IAS) was calculated as the average of the monthly AOIC.
Southern elephant seal pups were selected from weaning groups at random (n = 1178) and were sexed at Stranger Point (King George Island, 62°14' S, 58°30' W) over a given 5 km beach stretch from 1985 to 1994. Adult sex ratio was determined annually from 1980 to 1994 as the ratio between the maximum numbers of bulls and females on land. Data from 1980 to 1988 were previously published in Vergani & Stanganelli (1990) , and data from 1989 to 1994 were collected using the same methodology. Theoretical adult sex ratio was calculated assuming that the Atlantic population of females reach sexual maturity at Age 4 (McCann 1985) and males become sexually active at Age 8 (McCann 1981) , meaning that there is a delay of approximately 4 yr between sexes to be recruited into the reproductive population. Thus, the expected adult sex ratio, in equilibrium conditions, calculated by means of an additive calculation matrix was found to be 1:6, assuming equal mortality ratio between sexes (Table 1 ). This figure was verified using sex ratio time series data from King George Island.
Pup mortality was calculated annually as the percent of total number of dead pups over the total number of pups born. This was determined in the peak of females' haul out as the number of females plus all weaned and dead pups (Vergani & Stanganelli 1990) . Frequently, sexing dead pups was not possible because of scavenger bird activity. As a result, pup mortality was not discriminated by sex.
Two previous studies have examined the sex ratio in southern elephant seal pup populations. The first one focused on populations at Peninsula Valdés during 3 breeding seasons (1984, 1988 and 1989) concluding that sex ratio of weanlings did not differ from unity . The second study, carried out at South Georgia Island during 4 breeding seasons (1986, 1988, 1989 and 1990) , showed that the male pup proportion increases rapidly with maternal mass and stabilises at a level not significantly different from parity (Arnbom et al. 1994) . Taking into account these results, we assumed that the probability of being male is 0.5, and that this probability is independent among the members of the sample. The appropriate probability distribution is therefore the binomial for sample size k. The expected frequencies are the expansion of the binomial:
where p and q are the probabilities of being male and female, respectively. With the aid of Pascal's triangle, this expansion, representing the expected male proportion, can be expressed as:
The relative expected frequencies are the probability distribution in random samples known as the binomial distribution. The layout is shown in Table 2 .
We can work out the expected frequency for any given class of Y (the number of male pups per sample) from the general formula for any term of the binomial distribution:
The expression C(k,Y ) stands for the number of combinations that can be formed from k items taken Y at a time. This can be evaluated as:
where, for example, k! factorial means the product of all the integers from 1 up to and including k. The setup is shown in Table 2 with the calculated relative expected frequencies (fˆr el ). (Sokal & Rohlf 1981) . 
RESULTS
According to the calculated IAS values, ENSO strength varied between +1.43 and -0.61°C. Years with SST anomaly values greater than + 0.5°C were identified as El Niño years. Years with anomaly values between + 0.5 and -0.5°C were classified as normal, whereas La Niña years were classified as those with anomaly values less than -0.5°C. The percentage of male pups in a given study year varied between 30 and 56%. For years with anomaly values above 1.0°C (1987), the sex proportion was negatively biased for male pups (30%; p < 0.01). For years with values between 1.0 and 0.7°C (1991 and 1992) , the proportion was negatively biased for male pups at 41 and 44%, respectively (p < 0.05). For anomaly values between 0.5 and -1.0°C (1986, 1989, 1990 and 1993) , the sex proportion was not homogeneous (it varied in this data set from equal to significantly different; p < 0.05), although certain years showed a positive bias for male pups (1985, 1988 and 1994) (Table 2 ). The relationship between these variables was fitted to a curvilinear regression expressed as a quadratic polynomial function (R 2 = 0.82) (Fig. 1) .
Data pooled over the entire study period show that during El Niño years (1987, 1991 and 1992) , the pup sex ratio was significantly biased in favour of females (59% of the cohort was female; p < 0.01). During normal years (1986, 1990, 1993 and 1994) and La Niña years (1985, 1988 and 1989) , combined values show a proportion of male pups from 53 to 54%, significantly higher than the female proportion (p < 0.05) (Table 3) . Taking into account the 1:1 hypothesis, we found, during El Niño years, an overall reduction of 9% in the male segment, while in years other than El Niño, a recovery of the male segment of 7% was estimated. As the overall difference between these results is only 2%, and considering that the El Niño cohort was smaller than that in normal and La Niña years, the sex ratio in pup population on King George Island seems to be balanced during the study period. Pup mortality varied between 4.0 and 5.4% during El Niño years and between 1.7 and 4.3% during La Niña years (Table 4) . Combined values during the whole study period show 4.2% (2.9%) mortality during El Niño (La Niña) years (Table 5) .
To explore the influence of combined values of pup sex ratio on adult sex ratio, a theoretical adult proportion was calculated as 1:6 (Table 1) . To test this hypothesis, information on adult sex ratio taken from King George Island between 1980 and 1994 (n = 14; Table 6 ). The average adult sex ratio for King George Island between 1980 and 1994 was 1:7. This value seems to confirm the hypothesis that this population has had a balanced production of male and female pups in the long term. 
DISCUSSION
Annual sea-ice dynamics affect both ocean structure and circulation. For example, sea-ice growth during autumn/winter causes salt to be released from the underlying ocean, leading to an increase in seawater density, and occasionally, to deep-ocean convection and bottom-water formation.
Many studies have suggested that Antarctic ice extent is influenced by the Southern Oscillation (Carleton 1988 , Jacobs & Comiso 1993 , Gloersen 1995 , Simmonds & Jacka 1995 , Ledley & Huang 1997 , Watkins & Simmonds 2000 . White & Peterson (1996) found coupled anomalies that propagate eastward with the Antarctic Circumpolar Current during a period of 4 to 5 yr while taking 8 to 10 yr to encircle Antarctica. It was suggested that this Antarctic Circumpolar Wave (ACW) is associated with ENSOrelated activities in the equatorial Pacific, possibly through an atmospheric teleconnection with higher southern latitudes. Yuan & Martison (2000) explored possible relationships between records of Antarctic sea-ice extent (1978 to 1996) and global climate variability. Their analysis shows a strong link between anomalies in the location of the sea-ice edge (Amundsen, Bellinghausen and Weddell seas) and the extrapolar climate.
Anomalies in these polar processes may therefore have complex consequences in the Southern Ocean ecosystem As of yet, there is no information regarding ENSO impacts on Atlantic southern elephant seal populations other than possibly that of King George Island. In foraging areas of elephant seals from Peninsula Valdés , the abundance of a Cephalopod, Illex argentinus, has been correlated to SST. A SST increase at the hatching grounds of the northern patagonian shelf, particularly during June/ July, was negatively correlated with fishery catches the following season. Positive SST anomalies appear to be transferred from the Pacific to the Atlantic in El Niño years via the Antarctic Circumpolar Current and equator-ward via the Atlantic circulation (Waluda et al. 1999 (Waluda et al. , 2001a .
In South Georgia, Vergani & Stanganelli (1990) pointed out that the effects on top predators of the 1982 to 1983 El Niño event affected both South Georgia and King George Island populations. This seems to be explained, at least for the southern elephant seal population, by the fact that part of South Georgia's females migrate to the West Antarctic Península (WAP) region to feed (McConnell et al. 1992 , McConnell & Fedak 1996 , the same feeding area selected by King George Island females (Bornemann et al. 2000) . Piatkowski et al. (2002) reported that the amount of Psychroteuthis glacialis obtained through stomach lavage of southern elephant seals from King George Island during the study period was higher during La Niña years and lower during El Niño ones. According to the information provided by Rodhouse et al. (1992) , the same phenomenon has been observed on South Georgia (Piatkowski et al. 2002) .
Although time-series of adult elephant seal sex ratios on South Georgia are not available, information from Peninsula Valdés (Table 7) suggests an adult sex ratio of 1:6, similar to the value found in King George Island populations. Assuming that the South Georgia female southern elephant seal population is stable (Boyd et al. 1996) , we can conclude that the entire Atlantic population sex ratio is stable at approximately 1:6.
According to Kwok & Comiso (2002) , the Bellinghausen and Amundsen seas show an association with the Southern Oscillation unique to the Antarctic region. The ENSO influence seems to reach the West Antarctic Peninsula Region, where elephant seals from South Georgia and King George Island feed. This area of influence quite possibly reaches the Patagonian shelf via the Antarctic Circumpolar Current (Waluda et al. 1999 (Waluda et al. , 2001a .
The question however remains: Are these effects adverse to the Atlantic population of southern elephant seals? Comparison with elephant seal populations that feed outside areas potentially affected by ENSO may provide an answer. Two such populations, found respectively in the Indian and Pacific oceans have both been declining for at least 3 decades (SCAR 1991). The decline of such a major vertebrate predator has been regarded as a cause for concern that other components of the ecosystem are also changing in as yet unknown ways (Hindell et al. 1994) . Adult sex ratios for southern elephant seal populations from the Indian Ocean vary between 1:15 and 1:18 (Table 8) , whereas the Pacific Ocean population shows a sex ratio of 1:11 (Table 9) . These values differ significantly from the 1:6 ratio observed in the Atlantic Ocean population, suggesting an unbalanced production of male pups in the Pacific and Indian areas. Weaning mass shows similar results: when populations from the 3 oceans are compared, Indian and Pacific populations show a lower male pup weaning mass (Burton et al. 1997 ). Furthermore, the mean male weaning mass from Marion (Burton et al. 1997) . Both values are below 135 (± 21), the minimum weaning male mass measured on King George Island in 1987, the strongest El Niño year registered during the study period (1985 to 1994) (Vergani et al. 2001) . It is therefore not surprising that the Pacific and Indian populations exhibit such an imbalanced sex ratio. The influence of climate anomalies in tropical areas on Antarctica remains controversial among climatologists and oceanographers, let alone ecologists. Population variables for southern elephant seal appear to be a useful tool to assess the impact of these environmental parameters. Examples of such variables include weaning mass (Vergani et al. 2001 ) and diet (Piatkowsky et al. 2002) . In this study, pup sex ratio was used to assess variation between El Niño, La Niña and normal years, whereas the adult sex ratio was used to study longterm trends. Short-term changes in adult sex ratio appear to be buffered by the fact that it takes 8 yr for a male seal to become sexually active. Comparing the variation in the adult sex ratio in both space and time with the observed feeding areas for the 3 populations (Fig. 2) , we can assess whether they would be governed by very different oceanographic parameters. El Niño-La Niña events may play an important role in maintaining stability in the Atlantic population, possibly by increasing nutrient cycling and mixing processes. Further analysis of climatic and oceanographic variables are needed to understand these links. Nevertheless, elephant seal population variables have been shown to be both useful and reliable in studying this phenomenon.
